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Insight into solubilisation mechanisms of rye arabinoxylans during breadmaking is important for under-
standing the biochemical processes that affect bread attributes. Puriﬁed ethanol precipitated water-
extractable arabinoxylans (WE-AX) and residual unextractable counterparts (WU-AX) were isolated from
rye ﬂours and resulting breads. While the endosperm ﬂours had lower endoxylanase activities and higher
arabinose-to-xylose ratios of WU-AX than those of corresponding wholemeals, there were not any
signiﬁcant differences between them in the mean amounts of WU-AX hydrolysed during breadmaking.
Nevertheless, they were highly affected by rye cultivar used for breadmaking. On average, 42% and
36% of WU-AX were recovered in bread WE-AX fraction, causing its 11% and 8% increase, respectively
for endosperm and wholemeal breads. Bread WE-AX, however, had lower molecular weights than those
of starting ﬂours, implying chains depolymerisation. Degree of AX solubilisation depends mainly on rye
genotype used, determining combined effect of enzymatic and acid hydrolyses, associations and ﬁne
structure of AX.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-SA license.1. Introduction ing between unsubstituted regions and/or ionic forces between ion-Arabinoxylans (AX), the principal dietary ﬁbre component in rye
and wheat, belong to a group of highly heterogeneous cell wall
polysaccharides with high molecular size and speciﬁc structural
features, which signiﬁcantly affect the processing of ﬂour and the
properties of bread (Biliaderis, Izydorczyk, & Rattan, 1995; Fincher
& Stone, 1986; Meuser & Suckow, 1986; Vinkx & Delcour, 1996). A
fundamental trait of cereal AX is their capacity to form highly
viscous aqueous solutions at a relatively small concentration. Fur-
thermore, both AX fractions, water-extractable (WE) and water-
unextractable (WU), exhibit extremely high hydration capacity
(Jelaca & Hlynka, 1971; Meuser & Suckow, 1986) due to formation
of three-dimensional networks by covalent and non-covalent
bonds. They may lead to gel formation in aqueous solutions and
swelling of WU cell wall materials (Fincher & Stone, 1986). The for-
mer mechanism is based on the oxidative interchain cross-linking
of feruloylated AX and other cell wall polymers, (Hoseney &
Faubion, 1981; Izydorczyk, Biliaderis, & Bushuk, 1990). The
non-covalent interactions involve intermolecular hydrogen bond-ising substituents of AX chain (Fincher & Stone, 1986). While the
gas retention ability of rye dough can be related to high viscosity
of its aqueous phase (Hoseney, 1984; Meuser & Suckow, 1986),
the water economy in dough and bread is mainly controlled by
absorbing properties of both starch and AX (Drews & Seibel,
1976). However, the AX water-binding potential may affect water
availability for starch in the rye dough and bread, and thus its rate
of retrogradation and bread staling (Gudmundsson, Eliasson,
Bengtsson, & Åman, 1991).
It has been shown that the oxidatively cross-linked AX usually
exhibit an increased viscosity and water binding capacity (Izydorc-
zyk et al., 1990; Meuser & Suckow, 1986; Vinkx, Reynaert, Grobet,
& Delcour, 1993). This may be explained by an increase in their
asymmetric conformation, in which bridging structures such as
di-ferulic acid, ferulic acid-tyrosine and ferulic acid-cysteine, rein-
force gelation and swelling capacity. The AX water-binding ability,
however, decreases upon addition of endo-(1? 4)-b-D-xylanse
(endoxylanase) that depolymerises their chains (Aulrich &
Flachowsky, 2001). Nevertheless, a relatively small adjustment in
AX macromolecular characteristics may cause signiﬁcant changes
in their physicochemical properties, which inﬂuence the character-
istics of wheat- and rye-based products (Cyran & Saulnier, 2012;
Redgwell et al., 2001).
The physicochemical properties of AX, and subsequently, their
functionality in wheat and rye ﬂours and end-products are mostly
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tion and spatial distribution of various b-D-xylopyranosyl residues
over the backbone. Generally, they include the un-substituted and
mono-substituted with single a-L-arabinofuranosyl residues
mainly through O-3 and a little at O-2 as well as di-substituted res-
idues through O-2,3 linkages (Izydorczyk & Biliaderis, 1995; Vinkx
& Delcour, 1996). It is assumed that the distribution of the a-L-ara-
binofuranosyl residues along the xylan backbone, which alters an
asymmetry of macromolecule, may have a greater importance in
determining the AX properties than its substitution degree. Fur-
thermore, the AX interactions with other cell wall components
mediated through other minor side substituents, particularly feru-
loyl, a-D-glucuronopyranosyl and acetyl residues may contribute
to modiﬁcation of their physicochemical characteristics (Fincher
& Stone, 1986).
Our earlier work (Cyran & Saulnier, 2012) demonstrated the
substantial differences in the chain structure of WE-AX present
in an endosperm bread and wholemeal bread obtained from the
same cultivar of rye as well as in the structure of these counter-
parts present in starting endosperm ﬂour and wholemeal (Cyran
& Saulnier, 2005). Moreover, WU-AX of endosperm ﬂour are char-
acterised by a distinctly higher substitution degree with Araf (Ara/
Xyl ratio of 0.78–0.89) (Cyran & Cygankiewicz, 2004), than those
from wholemeal (Ara/Xyl ratio of 0.56–0.68) (Hansen, Rasmussen,
Bach Knudsen, & Hansen, 2003). Therefore, they represent different
substrates for hydrolytic action of endoxylanases.
The aim of this work was to investigate the changes in the level,
arabinosylation degree and molecular features of AX from rye
endosperm ﬂours and wholemeals and resulting breads, to reveal
the possible mechanisms of their modiﬁcation. Also, the two types
of commercial rye available on the market, the hybrid and popula-
tion rye cultivars, which differed in the AX content, water extract
viscosity and endoxylanase activity level, were selected to compare
an impact of diversity in these parameters on the extents of AX
hydrolysis and solubilisation.2. Materials and methods
2.1. Materials
Five hybrid (Klawo, Stach, Konto, Koko and SMH 2703) and six
population (Amilo, D. Zlote, D. Diament, Kier, Warko and Walet)
cultivars of Polish winter rye were used to produce the endosperm
ﬂours and wholemeals, and subsequently, the endosperm and
wholemeal breads. Both types of bread were produced by a
straight dough method with yeast and lactic acid addition (Cyran
& Ceglinska, 2011). The freeze-dried bread samples were milled
in a Cyclotec 1093 mill (FOSS, Warsaw, Poland) to pass a 0.5 mm
screen and stored in plastic bags with airtight closure at 20 C,
until they were analysed.2.2. Physicochemical analyses
Dry mass content was determined by drying samples at 105 C
for 16 h. Ash content was analysed by AACC method (46.11A), pro-
tein (N  6.25) by the Kjeldahl method using a Kjeltec Auto 1030
analyser (Tecator, Höganäs, Sweden). The samples were analysed
at least in duplicate and the results are expressed on a dry mass ba-
sis. The viscosity of water extracts of ﬂours and breads was mea-
sured in a Brookﬁeld LVDV-III Ultra cone/plate rheometer
(Brookﬁeld Engineering Laboratories Inc., Stoughton, MA, USA)
maintained at 30 C and a constant shear rate. The extracts for vis-
cometric measurement were obtained after centrifugation
(10,000g, 20 min) of water suspensions (1:5, w/v, 1 h, 30 C, shak-
ing bath). a-Arabinofuranosidase and b-xylosidase activities weredetermined in the crude ﬂour extract by the method described
by Rasmussen, Hansen, Hansen, and Larsen (2001), using p-nitro-
phenyl-a-L-arabinofuranoside and p-nitrophenyl-b-D-xylopyrano-
side. The activities were expressed as pkatal/g.
2.3. Isolation of water-extractable arabinoxylans
Before extraction, the ﬂour samples (1:5 w/v) were reﬂuxed
with 80% ethanol for 1 h, to inactivate the endogenous enzymes.
After cooling to room temperature, the residue was ﬁltered,
washed with 96% ethanol and dried. The hot water-extractable ara-
binoxylans were isolated from ﬂour and bread samples by ethanol
precipitation, after enzymatic degradation of starch and protein,
according to Englyst and Cummings (1984) with some modiﬁca-
tions. The samples (4.0 g) were suspended in deionised water
(1:5 w/v), mixed with thermostable a-amylase from Bacillus lichen-
iformis (EC 3.2.1.1., 200 ll, 3000 U/ml, Megazyme, Ireland) and
incubated in a water bath (SalvisLab, Schweiz, Switzerland) for
1 h at 100 C with occasional shaking. The suspension was cooled
down to room temperature, mixed with amyloglucosidase from
Aspergillus niger (EC 3.2.1.3, 800 ll, 3300 U/ml, Megazyme, Ireland)
and protease from B. licheniformis (EC 3.4.21.14, 400 ll, 350 tyro-
sine U/ml, Megazyme, Ireland) and incubated in a shaking water
bath at 40 C for 16 h. The suspension was centrifuged in a Kokusan
H-2000A2 centrifuge (15,000g, 4 C, 25 min). The supernatant was
mixed with lichenase from Bacillus subtilis (EC 3.2.1.73, 100 ll,
1000 U/ml, Megazyme, Ireland) and incubated for 2 h at 40 C in
a shaking water bath. The WE-AX present in the supernatant were
precipitated with 96% ethanol (1:4 v/v) overnight at 6 C, centri-
fuged (4500g, 20 min) in a Sigma 4–15 centrifuge (Sigma, Labor-
zentrifugen, Osterode, Germany) and freeze-dried.
2.4. Noncellulosic polysaccharides analysis
The contents of AX in WE and WU fractions of rye ﬂours and
breads were estimated by the method of Englyst and Cummings
(1984), which was modiﬁed as described above, using duplicates
of 200 mg sample. The ethanol precipitated WE-AX and WU-AX
in the pellet were hydrolysed in 1 M sulfuric acid (100 C, 2 h).
The monosaccharides were derivatized to alditol acetates and
quantiﬁed on a capillary column (DB-23, 30 m, 0.25 mm i.d.,
0.25 lm ﬁlm thickness; Agilent J & W) in an Agilent gas chromato-
graph (Agilent 7890A Series GC Custom) equipped with an auto-
sampler (Agilent 7693A), a splitter injection port (split ratio
1:20) and a ﬂame ionisation detector. The injector port and detec-
tor were heated at 230 and 250 C, respectively. Hydrogen was
used as a carrier gas. The column was held at 180 C for 2 min,
ramped from 180 to 220 C at 5 C/min and held at 220 C for
10 min. Meso-erythritol (Sigma–Aldrich) was used as an internal
standard. The arabinose content obtained from monosaccharide
analysis was corrected for that present in arabinogalactan, assum-
ing its arabinose to galactose ratio of 0.7 (Van den Bulck et al.,
2005). AX content was calculated as 0.88 times the sum of cor-
rected arabinose and xylose contents.
2.5. High-performance size-exclusion chromatography (HPSEC)
The isolated WE-AX fractions were dissolved in ultrapure water
(5 mg/ml) for 16 h at 40 C using a rotary incubator, ﬁltered
through 0.45 lmmembrane, and injected into a high-performance
size exclusion chromatography (HPSEC) system at room tempera-
ture. The system consisted of an autosampler, a pump module
and two Shodex OH-pack SB HQ 804 and 805 columns (Sowa
Denko K.K., Tokyo, Japan). The sample was eluted at 0.7 ml/min
with 0.05 M NaNO3 containing 0.02% NaN3. A multi-angle laser
light scattering (MALLS) detector (mini-Dawn, Wyatt, USA,
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tometer (ERC 7517A) and a differential viscometer (T-50A, Visco-
tek, USA) were used for on-line molar mass and intrinsic
viscosity determinations. The UV detector (k = 280 nm) was used
to check a distribution of UV-absorbing compounds. The calcula-
tions with respect to molar mass averages (Mw, Mn) and polydis-
persity index (I =Mw/Mn) were determined using ASTRA 1.4
software (Wyatt, USA) and intrinsic viscosity [g] and root-mean-
square radius (Rg) using TRISEC software (Viscotek, USA). Concen-
tration were calculated using a dn/dc = 0.146 ml/g. These values
were calculated for polysaccharide populations eluting between
11.0 and 17.5 ml.
3. Results and discussion
3.1. Changes in the content of AX during breadmaking
Although rye ﬂour is a major component of the bread, it also
contains some other minor ingredients. The baking procedure used
included an addition of salt, yeast and lactic acid (2.0%, 1.2% and
1.1%, respectively, on ﬂour basis). Nevertheless, comparing the lev-
els of WE-AX and WU-AX between ﬂour and bread (dry mass ba-
sis), the differences are obvious (Table 1). In fact, they are
somewhat larger, when based on the ﬂour content in the bread.
Since the minor constituents represent the same proportion in
the bread their contribution will be further omitted.
In the case of endosperm ﬂour and bread, on average, the WE-
AX content increased from 2.54% and 2.05% in ﬂour to 2.82% and
2.27% in bread, respectively for hybrid and population rye cultivars
(Table 1). For wholemeal ﬂour and bread, it raised from 2.89% and
2.62% to 3.11% and 2.85%, respectively. Whilst, much greater de-
crease in the WU-AX content was observed for both types of ﬂourTable 1
Contents (% of dm) of water-extractable (WE-AX) and water-unextractable (WU-AX) arabi
and population rye cultivars, their water extract viscosity (WEV) and arabinoxylan water-
Sample WE-AX WU-AX
Flourb Breadb Flour Br
Endosperm ﬂour/bread
Klawo H 2.56 ± 0.02 2.81 ± 0.02 1.78 ± 0.01 1.
Stach H 2.57 ± 0.01 2.89 ± 0.02 1.76 ± 0.00 1.
Konto H 2.21 ± 0.01 2.41 ± 0.01 1.69 ± 0.01 1.
Koko H 2.74 ± 0.02 3.08 ± 0.01 1.53 ± 0.01 0.
SMH 2704 H 2.61 ± 0.03 2.91 ± 0.03 1.97 ± 0.01 1.
Mean ± sd 2.54 ± 0.20 2.82 ± 0.25 1.73 ± 0.13 1.
Amilo P 2.25 ± 0.01 2.51 ± 0.01 1.53 ± 0.02 1.
D. Zlote P 2.08 ± 0.01 2.26 ± 0.01 1.49 ± 0.01 1.
D. Diament P 2.05 ± 0.02 2.30 ± 0.01 1.22 ± 0.00 0.
Kier P 1.92 ± 0.01 2.16 ± 0.03 1.61 ± 0.01 0.
Warko P 2.05 ± 0.03 2.21 ± 0.02 1.39 ± 0.01 0.
Walet P 1.96 ± 0.01 2.18 ± 0.02 1.37 ± 0.02 0.
Mean ± sd 2.05 ± 0.11 2.27 ± 0.13 1.44 ± 0.14 0.
Wholemeal ﬂour/bread
Klawo H 2.92 ± 0.02 3.07 ± 0.01 5.11 ± 0.01 4.
Stach H 3.01 ± 0.03 3.13 ± 0.02 5.21 ± 0.01 4.
Konto H 2.37 ± 0.01 2.51 ± 0.01 5.34 ± 0.02 5.
Koko H 3.35 ± 0.01 3.69 ± 0.02 5.53 ± 0.01 4.
SMH 2704 H 2.79 ± 0.02 3.15 ± 0.01 5.58 ± 0.01 4.
Mean ± sd 2.89 ± 0.36 3.11 ± 0.42 5.35 ± 0.20 4.
Amilo P 2.83 ± 0.01 3.02 ± 0.02 5.87 ± 0.02 5.
D. Zlote P 2.64 ± 0.01 2.85 ± 0.02 5.30 ± 0.01 4.
D. Diament P 2.60 ± 0.01 2.85 ± 0.01 5.48 ± 0.01 4.
Kier P 2.51 ± 0.02 2.70 ± 0.01 5.48 ± 0.01 4.
Warko P 2.76 ± 0.01 2.86 ± 0.03 5.43 ± 0.02 4.
Walet P 2.50 ± 0.03 2.81 ± 0.01 5.46 ± 0.03 4.
Mean ± sd 2.62 ± 0.12 2.85 ± 0.10 5.50 ± 0.19 4.
H, hybrid cultivar; P, population cultivar. Values are expressed as means ± standard dev
a AX-Extract, expressed as percentage of WE-AX to total AX = (WE-AX +WU-AX).
b Values are corrected for arabinose derived from arabinogalactans, Arabinoxylan = 0.
c Adapted from Cyran and Ceglinska, 2011.and bread (from 1.73% and 1.44% in endosperm ﬂour to 1.09% and
0.91% in endosperm bread and from 5.35% and 5.50% in wholemeal
to 4.80% in both wholemeal breads). On average, the amounts of
WU-AX hydrolysed during breadmaking, calculated as a difference
between their contents in the ﬂour and bread, accounted for 0.65
and 0.53/100 g of endosperm ﬂour and bread, respectively for hy-
brid and population rye cultivars. The breadmaking of wholemeal
bread resulted in hydrolysis of 0.56 and 0.71 g of WU-AX. However,
these values were greatly variable and ranged from 0.43 to 0.76 g
and from 0.24 to 0.86 g, respectively for endosperm and whole-
meal breads (Fig. 1). They made up 29–47% of native WU-AX pres-
ent in the endosperm ﬂour and 5–15% of those in wholemeal (on
average, 36% and 12%, respectively).
Taking into account the corresponding mean values of AX
recovered in WE fraction after breadmaking (0.28 and 0.22/100 g
of endosperm bread and 0.22 and 0.23/100 g wholemeal bread),
it could be calculated that the solubilised AX represented, on aver-
age, 43% and 42% of the total WU-AX population hydrolysed during
breadmaking of endosperm bread and 39% and 33% in the case of
wholemeal bread, respectively for hybrid and population rye culti-
vars. Again, the genetic variation in the amount of WU-AX solubi-
lised during breadmaking was evident (Fig. 1). They constituted 8–
13% and 4–13% of WE-AX fraction in the starting endosperm ﬂours
and wholemeals. The levels of hydrolysed and solubilised AX were
not correlated with each other.
Both native WE-AX and those solubilised from WU fraction by
hydrolytic actions of enzymes associated with the wholemeal,
endosperm ﬂour and present in other ingredients, especially yeast,
may undergo much more intensive depolymerisation. In this case,
they are not precipitated by 80% ethanol, due to their lower molec-
ular weight than that required for their precipitation. Since, this
study follows commercial rye breadmaking process without anynoxylans in endosperm ﬂour and wholemeal and resulting breads made from hybrid
extractability (AX-Extract).
WEV AX-Extracta
eadc Flour Breadc Flour Bread
02 ± 0.02 29.9 ± 0.2 21.8 ± 0.4 59.0 ± 1.2 73.4 ± 0.3
03 ± 0.01 33.4 ± 0.3 32.7 ± 0.3 59.4 ± 1.1 73.7 ± 0.7
10 ± 0.02 29.0 ± 0.3 15.5 ± 0.2 56.7 ± 0.8 68.7 ± 0.4
93 ± 0.01 40.8 ± 0.2 29.0 ± 0.5 64.2 ± 1.5 76.8 ± 0.8
39 ± 0.02 26.0 ± 0.3 18.5 ± 0.3 57.0 ± 0.7 67.7 ± 0.8
09 ± 0.17 31.8 ± 5.7 23.5 ± 7.2 59.3 ± 3.0 72.1 ± 3.8
01 ± 0.02 70.5 ± 0.4 47.9 ± 0.5 59.5 ± 0.5 71.3 ± 0.3
00 ± 0.03 44.5 ± 0.4 28.6 ± 0.3 58.3 ± 0.6 69.3 ± 0.4
79 ± 0.01 54.6 ± 0.4 46.4 ± 0.4 62.7 ± 0.5 74.4 ± 0.2
86 ± 0.01 36.2 ± 0.3 22.3 ± 0.3 54.4 ± 1.1 71.5 ± 0.7
88 ± 0.02 53.6 ± 0.3 32.8 ± 0.5 59.6 ± 1.2 71.5 ± 0.6
91 ± 0.02 38.0 ± 0.2 25.5 ± 0.5 58.9 ± 0.8 70.6 ± 0.8
91 ± 0.08 49.6 ± 12.8 33.9 ± 10.8 58.9 ± 2.7 71.5 ± 1.7
76 ± 0.02 18.7 ± 0.3 14.0 ± 0.3 36.4 ± 0.3 39.2 ± 0.2
47 ± 0.03 26.9 ± 0.2 14.1 ± 0.2 36.6 ± 0.5 41.2 ± 0.8
10 ± 0.03 26.1 ± 0.2 9.3 ± 0.1 30.7 ± 0.2 33.0 ± 0.2
94 ± 0.02 29.0 ± 0.1 17.9 ± 0.3 37.7 ± 0.2 42.8 ± 0.2
72 ± 0.01 19.8 ± 0.2 12.5 ± 0.5 33.3 ± 0.2 40.0 ± 0.7
80 ± 0.24 24.1 ± 4.6 13.6 ± 3.1 34.9 ± 2.9 39.2 ± 3.7
08 ± 0.02 58.7 ± 0.2 31.0 ± 0.5 32.5 ± 0.2 37.3 ± 0.2
68 ± 0.01 40.7 ± 0.3 22.3 ± 0.6 33.2 ± 0.8 37.8 ± 0.5
90 ± 0.02 40.5 ± 0.4 21.6 ± 0.1 32.2 ± 0.6 36.8 ± 0.2
82 ± 0.02 28.1 ± 0.3 13.3 ± 0.3 31.4 ± 0.3 35.9 ± 0.2
64 ± 0.01 42.0 ± 0.3 26.1 ± 0.5 32.9 ± 0.7 38.1 ± 0.4
66 ± 0.01 30.1 ± 0.4 17.3 ± 0.3 31.4 ± 0.3 37.6 ± 0.4
80 ± 0.17 40.0 ± 10.9 21.9 ± 6.3 32.2 ± 0.7 37.3 ± 0.8
iations.
88 (% Arabinose + % Xylose0.7 % Galactose).
Endosperm flour/bread Wholemeal flour/bread
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Fig. 1. Amounts of water-unextractable arabinoxylans (WU-AX) of hybrid and population rye cultivars hydrolysed and solubilised during breadmaking, calculated as a
difference in WU-AX contents between ﬂour and bread and as the difference in WE-AX contents between bread and ﬂour, respectively.
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hydrolysis leading to a loss of this fraction, it is not considered,
but cannot be excluded.
Amongst many enzymes hydrolysing AX, the endoxylanases are
the most important, because they act on the entire backbone, mak-
ing the substrates for other exo-enzymes, a-L-arabinofuranosidas-
es and b-D-xylosidases. Rye grain, in comparison to other cereal
grains, such as common wheat, oat, barley and durum wheat, has
markedly lower level of endoxylanase activity (Dornez, Gebruers,
Courtin, & Delcour, 2009). Much like in other cereal grains, how-
ever, the level of endoxylanase activity in endosperm ﬂour is much
lower than that in wholemeal, as the outer grain layers, the aleu-
rone and nucellar, are the sites of synthesis of hydrolytic enzymes,
including those hydrolysing AX (Beaugrand et al., 2004).
While the wholemeal ﬂours exhibited markedly higher levels of
endoxylanase activity (0.493 EU and 0.335 EU, respectively for hy-
brid and population rye cultivars), in comparison to those of corre-
sponding endosperm ﬂours (0.152 EU and 0.138 EU) (Cyran &
Saulnier, 2012), the mean amounts of hydrolysed and solubilised
AX during breadmaking of both types of bread were similar. There
were not any statistically signiﬁcant correlations between the
endoxylanase activity levels and the amounts of WU-AX hydroly-
sed within four different types of rye samples. This may be as-
cribed to a relatively low variability in the endoxylanase activity
levels in ﬂours analysed and/or the presence of their inhibitors.
However, high correlation coefﬁcient (r = 0.78) was found between
endoxylanase activity level in endosperm ﬂour of population rye
cultivars and the amount of WU-AX hydrolysed during breadmak-
ing. Also, the correlation coefﬁcients between the a-L-arabinofura-
nosidase and b-D-xylosidase activity levels (results not shown) in
wholemeal ﬂours and the quantities of WU-AX solubilised (for hy-
brid ryes) and hydrolysed (for population ryes) were high as well
(r = 0.86 and 0.80, and r = 0.77 and 0.67, respectively). This indi-
cates that a modiﬁcation of AX during rye breadmaking in part
can be related to their enzymatic hydrolysis.
As the amounts of the hydrolysed and solubilised WU-AX dur-
ing endosperm and wholemeal rye breadmaking were comparable,
regardless of the variation in ﬂour endoxylanase activity level and
its extraction rate, the other non-enzymatic factors that have an
impact on these processes must be involved. Some indications
could be provided by the correlation coefﬁcients with other ﬂour
components (results not shown). For hybrid rye cultivars, the pro-
tein and ash contents in endosperm ﬂours were negatively corre-
lated with the amount of solubilised AX (r = 0.93 p > 0.01 and
r = 0.63, respectively), and with hydrolysed AX in the case of
wholemeal ﬂours (r = 0.83 and r = 0.91 p > 0.05, respectively).The WU-AX content and their Ara/Xyl ratio in wholemeal ﬂours
of hybrid ryeswere also signiﬁcantly correlatedwith the level of sol-
ubilised AX (r = 0.90 p > 0.05 and r = 0.94 p > 0.01, respectively),
whereas the Ara/Xyl ratio ofWU-AX in endospermﬂours was corre-
lated with that of hydrolysed counterparts (r = 0.83). Besides, the
quantity of AX solubilised during breadmaking of endosperm bread
was related to parameters ofmacromolecular characteristics ofWE-
AX present in ﬂour (r = 0.95 p > 0.01, r = 0.82 and r = 0.90 p > 0.05,
respectively for weight-average molecular weight, intrinsic viscos-
ity and radius of gyration) (Table 2). Similar trends were observed
within the sets of population rye sampleswithmuch lower variabil-
ity of these parameters. This indicates that the associations and
interactions of AX with other ﬂour components as well as their
structural features may affect the hydrolysis and solubilisation of
these polysaccharides during rye breadmaking.
The quantities of WU-AX hydrolysed during breadmaking and
those solubilised and recovered in WE-AX fraction obtained in this
study are in a line with those reported for rye sourdough and crisp
breads (0.70–0.90 and 0.20–0.40 g, respectively) (Andersson,
Fransson, Tietjen, & Åman, 2009). However, much higher values
were reported for rye bread obtained from sourdough, which was
imitated by direct addition of lactic and acetic acids (2.70 and
0.60 g, respectively) (Hansen et al., 2002). This means that WU-
AX hydrolysis and subsequent solubilisation processes are also
controlled by the conditions of breadmaking process, in particular,
by those affecting the activity levels of AX-hydrolysing enzymes as
well as an efﬁciency of acid hydrolysis of AX at low pH of the
dough.
3.2. Changes in the water extract viscosity
The overall water extract viscosity (WEV) of rye bread is mainly
ascribed to a concentration of WE-AX and their macromolecular
characteristics (Cyran & Ceglinska, 2011; Cyran & Saulnier, 2012).
It is also correlated with WEV of starting ﬂour and its falling num-
ber. The measurement of WEV in crude ﬂours is inﬂuenced by the
activity levels of endogenous AX-hydrolysing enzymes as well,
since an initial 1-h water extraction at 30 C provides suitable con-
ditions for their hydrolytic action. The WEV of rye bread is signif-
icantly reduced when compared to that of starting ﬂour
(Table 1). The WEVs of endosperm breads represented 74% and
68% of those of corresponding ﬂours, respectively for hybrid and
population rye cultivars, while much greater reduction was found
in wholemeal breads. Their WEV constituted only 56% and 55% of
those of wholemeals. The higher amounts of WE-AX in breads than
in ﬂours with lower WEV suggest a substantial decrease in the pro-
Table 2
Weight-average molecular weight (Mw), intrinsic viscosity ([g]), polydispersity index (Mw/Mn) and radius of gyration (Rg) of water-extractable arabinoxylans isolated by ethanol
precipitation from endosperm ﬂours and wholemeals and corresponding breads of hybrid and population rye cultivars.
Sample Mw (105 g mol1) [g] (ml g1) Mw/Mn Rg (nm)
Flour Bread Flour Bread Flour Bread Flour Bread
Endosperm ﬂour/bread
Klawo H 9.13 4.83 (4.4) 829 633 (475) 2.33 2.46 (2.2) 34 27
Stach H 9.68 5.78 (5.1) 948 667 (486) 1.87 2.07 (1.9) 37 27
Konto H 8.22 4.44 (4.1) 840 605 (457) 2.52 2.60 (1.7) 33 28
Koko H 10.77 6.41 (6.1) 1182 682 (465) 1.59 1.97 (2.0) 42 31
SMH 2704 H 9.76 5.69 (4.7) 957 516 (449) 2.05 2.23 (1.8) 38 26
Mean ± sd 9.51 ± 0.93 5.43 ± 0.79 951 ± 142 621 ± 66 2.07 ± 0.37 2.27 ± 0.26 37 ± 4 28 ± 2
Amilo P 12.41 5.96 (5.9) 1282 762 (689) 1.33 1.77 (1.6) 47 37
D. Zlote P 12.33 6.28 (6.2) 1189 764 (673) 1.34 1.88 (1.6) 44 35
D. Diament P 15.87 7.62 (7.4) 1312 777 (579) 1.18 1.57 (1.7) 46 35
Kier P 15.58 6.24 (5.5) 1313 722 (570) 1.18 1.92 (1.7) 44 34
Warko P 15.06 6.08 (6.0) 1274 747 (665) 1.18 1.69 (1.6) 44 35
Walet P 13.63 5.83 (na) 1251 721 (na) 1.29 1.87 (na) 43 34
Mean ± sd 14.15 ± 1.58 6.33 ± 0.65 1270 ± 46 749 ± 23 1.25 ± 0.08 1.78 ± 0.13 45 ± 2 35 ± 1
Wholemeal ﬂour/bread
Klawo H na 4.60 (4.0) na 432 (385) na 3.02 (2.5) na 23
Stach H na 4.05 (3.8) na 602 (368) na 3.07 (2.2) na 22
Konto H na 3.97 (3.8) na 433 (364) na 3.44 (1.9) na 23
Koko H na 4.86 (4.7) na 495 (400) na 3.01 (2.5) na 25
SMH2704 H na 4.70 (4.6) na 409 (364) na 3.12 (2.2) na 22
Mean ± sd na 4.44 ± 0.40 na 474 ± 78 na 3.13 ± 0.18 na 23 ± 1
Amilo P 11.27 5.34 (4.6) 946 659 (552) 1.43 2.06 (2.0) 43 35
D. Zlote P 10.53 5.77 (4.2) 886 621 (549) 2.25 2.29 (1.9) 36 30
D. Diament P 10.94 6.04 (4.5) 984 647 (550) 1.70 2.07 (1.9) 39 31
Kier P 10.31 5.14 (4.1) 868 582 (433) 1.52 2.32 (2.0) 37 29
Warko P 13.91 6.08 (4.6) 1018 695 (609) 1.34 2.19 (1.9) 37 32
Walet P 10.65 5.55 (na) 981 641 (na) 1.33 2.20 (na) 37 30
Mean ± sd 11.27 ± 1.34 5.65 ± 0.38 947 ± 59 641 ± 38 1.60 ± 0.35 2.19 ± 0.11 38 ± 3 31 ± 2
H, hybrid cultivar; P, population cultivar, na, not analysed.
Values in brackets were obtained for the corresponding arabinoxylan fractions isolated by dialysis (adapted from Cyran and Saulnier (2012)).
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average molecular weight of the entire AX population.
The hot water-extractability of AX, expressed as its percentage
of total AX, increased from 59% in endosperm ﬂour to 72% in endo-
sperm bread for both types of rye cultivars, and from 35% and 32%
in wholemeal to 39% and 37% in wholemeal bread, respectively for
hybrid and population ryes (Table 1). The increase in AX water
extractability from 27% in rye wholemeal to 41% in bread obtained
by sourdough method was reported previously (Hansen et al.,
2002). This can be mainly ascribed to a decline in the amount of
WU-AX in the bread owing to their hydrolysis during breadmaking,
and thus, reduction in total AX content. Also it may be, to some ex-
tent, explained by the heat-induced changes in starch and protein
during bread baking phase. The coagulated protein and gelatinised
starch do not form any strong physical barrier during water extrac-
tion as in the case of native swollen counterparts. Three times
higher increase in AX water-extractability in endosperm bread
may be, in part, explained by the greater content of starch and
much lower proportion of dietary ﬁbre components in rye endo-
sperm ﬂour than in wholemeal (Cyran & Ceglinska, 2011), as the
latter practically are not affected by a heat treatment during baking
phase (Meuser & Suckow, 1986).
3.3. Changes in the arabinosylation degrees of WE- and WU-AX
The differences in the overall branching degrees of AX between
ﬂours and breads, expressed as their arabinose-to-xylose (Ara/Xyl)
ratios, are illustrated in Fig. 2. After correction of an arabinose con-
tent for that originating from arabinogalactans, the changes in Ara/
Xyl ratios of WE-AX were, as usually, relatively small (Fig. 2A).
There was a decrease in substitution degree of WE-AX with arabi-
nose during breadmaking of both types of bread. The WE-AX pres-
ent in endosperm ﬂour and bread, however, showed a higher Ara/
Xyl ratios (on average, 0.60 and 0.56, respectively) than those incorresponding wholemeal and wholemeal bread (0.56 and 0.53).
Their degrees of branching were highly inﬂuenced by rye genotype
used for breadmaking. The decrease in Ara/Xyl ratios of WE-AX
during breadmaking of endosperm and wholemeal breads, repre-
senting a mixture of native WE polysaccharides and those solubi-
lised from WU fraction, may indicate that among AX-hydrolysing
enzymes with generally low activity levels, the a-L-arabinofura-
nosidase had a major impact. Hence, a rate of debranching process
was higher than that of depolymerising. Rye dough fermentation
phase is favourable for enzymes hydrolysing AX. A dough pH value
(usually4.5) and temperature (30 C) are in the ranges of pH- and
temperature stabilities of endogenous AX-hydrolysing enzymes
reported for ungerminated rye (Rasmussen et al., 2001). Both
a-L-arabinofuranosidase and b-D-xylosidase have the higher tem-
perature optima (60 and 70 C, respectively) than that of endo-b-
D-xylanase (40 C). Besides, their activity levels are 20–30 times
higher, in comparison to that of endo-b-D-xylanase. At low pH val-
ues (3.7–4.5), however, the a-L-arabinofuranosidase activity is
about two times higher than that of b-D-xylosidase (Rasmussen
et al., 2001). This is in line with the results of our study that
showed decreased Ara/Xyl ratio of bread WE-AX. Another option
is that the WU-AX solubilised during breadmaking may display
much lower arabinosylation degree than the native WE-AX of rye
ﬂour, and therefore, signiﬁcantly affect the branching degree of
the overall AX population in the bread. Nevertheless, considering
a typical low pH values of rye dough, a partial hydrolysis of acid-
labile arabinofuranosyl substituents may occur as well.
In the case of WU-AX, the changes in the branching degrees
during breadmaking of two types of bread were inverse (Fig. 2B).
Much like WE-AX, the breadmaking of wholemeal bread resulted
in decrease of their Ara/Xyl ratio. Instead, those of endosperm
breads had higher Ara/Xyl ratios than corresponding WU polysac-
charides in starting ﬂours. They were characterised by the highest
Ara/Xyl ratios (on average, 0.73 and 0.77, respectively for ﬂour and
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Fig. 2. Arabinose-to-xylose (Ara/Xyl) ratio of (A) water-extractable and (B) water-unextractable arabinoxylans (WE-AX and WU-AX, respectively) isolated by ethanol
precipitation from endosperm ﬂour and wholemeal and resulting breads of hybrid and population rye cultivars.
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AX-hydrolysing enzymes, above all, for endo-b-D-xylanase action
that requires at least ﬁve adjacent unsubstituted xylopyranosyl
residues in the backbone. Therefore, apparently enzymatic hydro-
lysis of densely substituted WU-AX of endosperm ﬂour seems to
be hardly possible. Though the entire WU population present in
endosperm ﬂour exhibits high Ara/Xyl ratio, it is highly heteroge-
neous and contains many subfractions differing in branching de-
grees (Ara/Xyl ratio, 0.48–1.23) (Cyran, Courtin, & Delcour, 2004).
It has been demonstrated that AX solubilised from WU fraction
of rye endosperm ﬂour by sequential treatment with Ba(OH)2,
water and NaOH contained 50%, 35% and 17% of lowly branched
populations with Ara/Xyl ratio of 0.5, which were built almost
exclusively of un- and mono-substituted xylopyranosyl residues.
Such populations are susceptible to enzymatic digestion and their
hydrolysis may represent an explanation for an increase in branch-
ing degree of AX left in the WU fractions of endosperm bread. Sim-
ilarly, acid hydrolysis can be involved in the above process.
Unlike the WU-AX of rye endosperm ﬂour, those from whole-
meal with much lower overall branching degrees (Ara/Xyl ratio,
0.55–0.60) are enriched in lowly substituted populations, originat-
ing mainly from outer grain layers (Cyran & Saulnier, 2007). They
are characterised by lower Ara/Xyl ratios (0.31–0.38) and contain
also populations with markedly low (0.18–0.20) and extremely
low (0.07–0.11) ratios of Ara/Xyl. This structural characteristic al-
lows more uniform digestion, in which debranching mechanism
of AX backbone by a-L-arabinofuranosidase prevails and results
in a decline of arabinosylation degree of WU-AX present in the
wholemeal bread.
3.4. Changes in the macromolecular characteristics of WE-AX during
breadmaking
The HPSEC-RI elution proﬁles of ethanol precipitated WE-AX
isolated from ﬂours and breads are shown in Fig. 3. The high
molecular weight (HMW) polysaccharides present in theendosperm ﬂours of population rye cultivars (Amilo, Diament
and Kier) eluted as the single, sharp and symmetric populations
in the high molar mass range of the column (11–14 ml). Amongst
endosperm ﬂour AX of hybrid rye cultivars, only polymers isolated
from Koko cultivar had a similar distribution pattern to those of
population ryes, with slightly broader distribution. The remaining
proﬁles of AX from endosperm ﬂour of hybrid cultivars (Stach
and Konto) and from wholemeals of population cultivars, apart
from the HMW populations also contained the low molecular
weight (LMW) polymers, eluting at 14.5–17.5 ml. The high-
symmetry peaks of endosperm ﬂour AX (Amilo, Diament, Kier
and Koko) were ascribed to their highest weight-average molecular
weights (Mw) and intrinsic viscosity ([g]) (Table 2). While, the
higher proportion of LMW populations was related to lower values
of these parameters. The corresponding proﬁles of bread AX, in
general, were slightly shifted towards lower MW range of the col-
umn as well as they showed relatively higher proportion of LMW
populations, in comparison with those of starting ﬂours and
wholemeals (Fig. 3). The LMW fractions, however, were hardly
discernible in the AX proﬁles from endosperm breads made from
population rye cultivars Amilo, Diament and Kier.
There were the substantial differences in the parameters of
macromolecular characteristics of WE-AX between both types of
starting ﬂours as well as both types of rye cultivars (Table 2). Gen-
erally, the WE-AX of endosperm ﬂours made from population
cultivars had the highest Mw, [g] and radius of gyration (Rg)
and the lowest polydispersity index (Mw/Mn) (on average,
14  105 g mol1, 1270 ml g1, 45 nm and 1.25, respectively). The
AX present in the endosperm ﬂours of hybrid rye cultivars had
much lower Mw, [g] and Rg and the higher Mw/Mn (9.5  105
g mol1, 971 ml g1, 37 nm and 2.07, respectively). The intermedi-
ate values of these parameters were found for AX of wholemeals
form population cultivars (11  105 g mol1, 947 ml g1, 38 nm
and 1.60, respectively). For AX of rye endosperm ﬂour the Mw of
about 11  105 g mol1 has been previously reported (Rakha,
Åman, & Andersson, 2010). Those reported for AX of rye wholemeal
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Fig. 3. Molecular weight distribution of water-extractable arabinoxylans (WE-AX) isolated by ethanol precipitation from endosperm ﬂour and bread (EF and EB) of hybrid rye
(Koko, Stach and Konto) and population rye (Amilo, Diament and Kier) and from wholemeal ﬂour and bread (WM and WMB) of population rye.
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105 g mol1) (Andersson et al., 2009; Ragaee, Campbell, Scoles,
McLeod, & Tyler, 2001) than the values found in this study. The
[g] and Rg values of high- and low-viscosity rye lines ranged from
1020 to 430 ml g1 and from 55 to 29 nm, respectively (Ragaee
et al., 2001).
Excluding Mw/Mn values, a considerable reduction in those of
the remaining parameters of AX macromolecular characteristics
were observed during breadmaking. The largest changes were
found for the endosperm bread AX from population cultivars with
the highest Mw and [g] (on average, 6  105 g mol1and
749 ml g1, respectively), as they represented only 45% and 59%
of these of native counterparts from endosperm ﬂours. Whereas,
ﬂour AX characterised by lower Mw and [g] values showed smaller
depolymerisation degrees. They constituted 50–57% and 65–67% of
their native forms values, respectively. In general, this trend was
obvious in each set of the samples analysed as well as in the entire
set of the samples, although the [g] values for AX from endosperm
breads of hybrid cultivars and those form wholemeal bread of pop-
ulation cultivars were close to each other.
Since both ethanol precipitation and dialysis techniques are of-
ten used for isolation of WE-AX, their HPSEC-RI proﬁles obtained
by these methods for the same bread samples are compared in
Fig. 4. In most cases, the proﬁles of AX isolated by dialysis were
broader than those of precipitated with ethanol. They were en-
riched in populations with LMW as well as the HMW populationswere slightly shifted towards lower mass range of the column. This
explains their lower Mw values than those of ethanol precipitated
polysaccharides (Table 2). Only WE-AX isolated by both techniques
from endosperm bread of Amilo cultivar had the similarMw values
and elution proﬁles. They were characterised by the lowest de-
crease in Mw, when compared with those of native form present
in endosperm ﬂour. The Mw values obtained for WE-AX by both
techniques were correlated with each other, implying that irre-
spective of the methodology used for their isolation the same rela-
tionships between parameters of the rye samples analysed could
be observed.4. Conclusions
The breadmaking of endosperm and wholemeal breads from
hybrid and population rye cultivars resulted in a partial hydrolysis
of WU-AX. The hydrolysed AX with HMW enhanced the level of
WE-AX fraction in the bread. In most cases, however, a majority
of this fraction showed lower MW than that required for their pre-
cipitation with 80% ethanol, thus, they were not recovered in bread
WE fraction. Despite diversity of starting endosperm and whole-
meal ﬂours in endoxylanase activity levels as well as in the arabi-
nosylation degree of WU-AX, the mean amounts of hydrolysed AX
and those of solubilised during breadmaking were not inﬂuenced
by ﬂour extraction rate. This can be ascribed to a similar joint effect
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Fig. 4. Molecular weight distribution of water-extractable arabinoxylans (WE-AX) isolated by ethanol precipitation and by dialysis from endosperm and wholemeal bread
(EB and WMB) of population rye (Amilo, Diament and Kier) and hybrid rye (Koko, Stach and Konto). Proﬁles of WE-AX isolated by dialysis adapted from Cyran and Saulnier,
2012.
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sing enzymes in the ﬂour, dough acidity, association and interac-
tion of WU-AX with other ﬂour components and their structural
characteristics, which differentiated both types of rye ﬂour as well.
In comparison to endosperm rye ﬂour, the corresponding whole-
meal exhibits the higher endoxylanase activity. The pH value of
dough prepared from wholemeal is lower than that obtained from
the corresponding endosperm ﬂour using the same procedure.
Also, the WU-AX present in rye wholemeal are much stronger
associated with other nonstarch components concentrated in the
outer grain layers as well as they contain higher proportion of
lowly substituted subpopulations. The amount of hydrolysed AX
was not correlated with that of solubilised during breadmaking
of endosperm and wholemeal bread made from hybrid and popu-
lation rye cultivars. The most important factor determining the
rate of AX solubilisation was rye genotype used, i.e., its speciﬁc ge-
netic background controlling the above factors.
The isolation of the ethanol precipitated WE-AX from bread re-
vealed clear changes in their molecular weight distribution and
lowerMw values, in comparison to these of native forms in starting
ﬂours. The extent of AX depolymerisation was highly affected by
rye genotype as well. Although it was relatively higher for AX with
HMW of population rye cultivars, after breadmaking they were still
characterised by higher Mw than those of hybrid rye cultivars. In
both cases, however, the WE-AX of endosperm breads displayed
higher Mw when compared to counterparts in the corresponding
wholemeal breads.
In general, the WE-AX depolymerisation is related to lower
hydration capacity of a dough and lower viscosity of its aqueous
phase. A moderate degree of AX depolymerisation may be beneﬁ-
cial for bread quality, as it enhances dough elasticity that at opti-
mal gas retention capacity can result in increased bread volume.
But, an intensive AX depolymerisation causes signiﬁcant decrease
in dough gas retention ability due to low viscosity of aqueous
phase, and thus, decrease in the volume of the bread.
From a viewpoint of bread health-promoting properties, the
WE-AX depolymerisation may improve its prebiotic potential,owing to increased proportion of WE-AX, and therefore, increased
fermentability of bread dietary ﬁbre. Nevertheless, different WE-
AX fractions, being in a polymeric form and precipitated by 80%
ethanol as well as the products of their much intensive breakdown,
such as LMW polysaccharides, oligomers and smaller fragments up
to free arabinose and xylose, represent a substrate for bacterial
degradation in the lower parts of the human digestive tract, bene-
ﬁcially lowering their pH. On the other hand, the lower bread
extract viscosity due to WE-AX cleavage may be related to lower
digesta viscosity of the upper part of the digestive tract, after con-
sumption of rye bread. This may decline an effectiveness of rye
bread in lowering the glycemic response to carbohydrates and
plasma cholesterol in humans.
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